Background: Asymmetric dimethylarginine (ADMA), present in human serum, is an endogenous inhibitor of nitric oxide synthase and contributes to vascular disease. Dimethylarginine dimethylaminohydrolase (DDAH) is an ADMA degrading enzyme that has two isoforms: DDAHI and DDAHII. We sought to determine whether serum ADMA levels in type 2 diabetes are influenced by common polymorphisms in the DDAH1 and DDAH2 genes.
Introduction
Asymmetric dimethylarginine (ADMA) is an endogenous inhibitor of nitric oxide synthase (NOS), the key endothelial enzyme that converts L-arginine to L-citrulline and nitric oxide (NO). Endothelium-derived NO helps to maintain vascular homeostasis through vasodilatation, suppression of inflammation and inhibition of the proliferation of vascular smooth muscle cells [1, 2] , platelet adhesion and aggregation [3, 4] .
ADMA levels have been shown to be increased in individuals with diabetes mellitus [5] . Endothelial dysfunction, such as occurs in hyperglycemia, is associated with decreased NOS activity and NO bioavailability resulting in vasoconstriction and increased reactive oxygen species. This leads to impaired ocular hemodynamics [6] . Recently, elevated serum ADMA in both diabetes [5] and its complications, including retinopathy [7, 8, 9, 10] and nephropathy [10, 11] , have been reported. Dimethylarginine dimethylaminohydrolase (DDAH) is the enzyme responsible for the degradation of ADMA into citrulline and dimethylamine [12, 13] . Over 90% of endogenous ADMA is metabolised by DDAH with the remainder renally excreted [14] . DDAH is expressed as two isoforms encoded by different genes. DDAHI predominates in tissues expressing neuronal NOS (nNOS), and is encoded by the DDAH1 (OMIM#604743) gene on chromosome 1p22. DDAHII is found in highly vascular tissues expressing endothelial NOS (eNOS) [15, 16] , and immune tissues expressing inducible NOS (iNOS) [16] , and is encoded by the DDAH2 (OMIM#604744) gene on chromosome 6p21. 3 .
Evidence for the metabolic control of ADMA by DDAH genes, and their influence on endothelial cells has been provided by animal studies. DDAH1 overexpressing transgenic mice had a two fold reduction in plasma ADMA associated with a 2 fold increase in tissue NOS activity [17] . Conversely, DDAH1 knockout mice had increased pulmonary endothelial permeability as a result of ADMA elevation, which was prevented by overexpression of DDAH1 and DDAH2 in endothelial cells [18] .
We aimed to determine whether serum ADMA levels are influenced by common single nucleotide polymorphisms (SNPs) in DDAH1 and DDAH2 genes in a large Australian cohort of individuals with type 2 diabetes, and found that genetic variation in the DDAH1 and DDAH2 genes significantly and additively affects serum ADMA concentrations.
Results
Three hundred and forty three participants with type 2 diabetes were included. Disease duration, smoking, nephropathy and diabetic retinopathy were significantly associated with serum ADMA levels in all participants (p,0.05, Table 1 ). These variables were subsequently adjusted for in multivariate analyses. Subjects with no retinopathy (n = 225) were more likely to be female, had shorter duration of disease, significantly lower HbA1c levels and less nephropathy when compared to subjects with blinding diabetic retinopathy (n = 118, data not shown).
Several SNPs in the DDAH genes were significantly associated with serum ADMA levels after adjusting for associated variables in the multivariate analyses (Table 2 The SNPSpD method for multiple testing correction in SNP association studies estimated a total of 17 independent tests for DDAH1 analyses and after correcting for multiple testing, the SNPs listed above remained significantly associated with serum ADMA levels (p,0.03, Table 2 ). SNP rs3131383 in DDAH2 was significantly associated with serum ADMA levels (p = 0.0029 in the dominant model, B: 20.03, 95% CI: 20.06 to 20.01, Table 2 and Figure 1 ). Seven independent tests for DDAH2 were estimated by the SNPSpD method and after correcting for multiple testing, rs3131383 (p = 0.034 in the dominant model) remained significantly associated with ADMA levels in all participants ( Table 2 ). These SNPs remained significant after correction for multiple testing. In the blinding diabetic retinopathy cases, rs669173 (p = 0.017 in the additive model), and rs7521189 (p = 0.023 in the additive model) were nominally significant, however did not survive correction for multiple testing (Table 2) . Although association of rs3131383 in DDAH2 with ADMA level was not statistically significantly associated in the smaller blinding retinopathy group, the direction of the association with ADMA was the same as that for no retinopathy controls and the full dataset (p = 0.143, B: 20.03 95% CI: 20.07-0.01).
To assess whether there are additive effects of polymorphisms in the two genes on serum ADMA, the total number of minor alleles of the most significantly associated SNP in each gene (rs669173 and rs3131383) was counted in each individual and included in the linear regression along with the clinical covariates. Multiple minor alleles were associated with lower serum ADMA (Supplementary Table S1B ). The total number of minor alleles of the two SNPs was significantly associated with ADMA serum level after adjusting for relevant clinical variables (p = 1.37610 208 , B: 20.03, 95% CI: 20.04 to 20.02, Table 3 ). This model accounted for more of the variation (r 2 = 0.147) than including each SNP in the regression as a separate factor with (r 2 = 0.119) or without (r 2 = 0.119) an interaction term between the two SNPs. Thus the two genes appear to influence ADMA levels additively.
For the haplotype analyses, observation of the DDAH SNPs in HapMap revealed three blocks of linkage disequilibrium in DDAH1 and one block in DDAH2 (Table 4) . As block 2 of DDAH1 consisted of 11 tag SNPs, it was further subdivided into two blocks for the haplotype analyses. After adjusting for associated variables in the multivariate analyses, several DDAH1 haplotypes were significantly associated with ADMA levels, with the GAATTT haplotype of block 2A (p = 0.00012, B: 20.03, 95% CI: 20.04 to 20.01, Table 4 and Figure 1 ), and the TATAGTGGAG haplotype of block 3 (p = 0.00074, B: 20.02, 95% CI: 20.04 to 20.01) being the most significantly associated (Table 4 ). The TGCCCAGGAG of DDAH2 was significantly associated with serum ADMA levels (p = 0.0012 B: 20.03 95% CI: 20.05 to 20.01, Table 4 and Figure 1 ). Seven haplotypes remained significant after Bonferroni correction (Table 4) . Sub-analysis by diabetic retinopathy status revealed 5 of these haplotypes in DDAH1 and the single associated haplotype in DDAH2 to be significantly associated with serum ADMA level in the no diabetic retinopathy subgroup (Table 4) in the multivariate analyses.
No haplotypes were associated with ADMA level in the blinding diabetic retinopathy subgroup after correction for multiple testing.
Discussion
This study found genetic variation in the DDAH1 and DDAH2 genes to be significantly associated with serum ADMA levels in participants with type 2 diabetes. To our knowledge, this is the first study of its kind to investigate genetic variation in DDAH genes and their association with serum ADMA levels in patients with type 2 diabetes. ADMA is an endogenous inhibitor of NOS and therefore NO bioavailability. The role of NO in the development of insulin resistance is supported by eNOS [19, 20] and nNOS [20] knockout mice studies. Similarly, previous studies have shown serum ADMA elevation to be significantly associated with diabetes [5] and insulin resistance [21] in humans. Animal studies have also supported the role of ADMA in insulin resistance, with DDAH expression shown to play a role [22] . When compared to wild type mice, in response to a glucose challenge, Sydow et al found DDAH1 transgenic mice to show a blunted increase in ADMA, plasma insulin and glucose [22] . Hyperglycemia has also been shown to lead to decreased DDAH activity and subsequent ADMA elevation [23] . A variety of other factors have also been shown to be involved in control of DDAH expression and activity. For example, oxidative stress and inflammation in cultured human endothelial cells decreases DDAH activity and upregulates ADMA synthesis [24, 25] subsequently leading to a reduction in NO synthesis [26] . Variation in the promoter region of DDAH2 influences its Table 3 . Association of the combination of the most significantly associated DDAH1 (rs669173) and DDAH2 (rs3131383) SNPs with serum ADMA levels in all participants. expression [27] . Increased NO has also been shown to upregulate DDAH2 expression in cultured rat aortic endothelial cells, indicating a possible positive feedback mechanism [28] . NO is also a key player in protection against microvascular damage [6] , and serum ADMA levels have been found to be increased in conditions associated with endothelial dysfunction, including hypertension, hypercholesterolemia, hyperhomocysteinemia [29, 30] and diabetic retinopathy [7, 8, 9, 10] . Although DDAHI is primarily expressed in tissues producing nNOS [15, 16] and DDAHII in tissues producing eNOS and iNOS [16] , all three isoforms of NOS have been isolated from the retina [31, 32, 33, 34] . Decreased retinal expression of eNOS [31] and increased expression of iNOS [32, 33] and nNOS [34] have been shown to be associated with hyperglycemia and diabetic retinopathy in both animal and human studies.
ADMA is present in the aqueous humor of the human eye. In a recent proteomic study with relatively small numbers, aqueous humor and serum ADMA levels were significantly higher in subjects with diabetes and those with severe diabetic retinopathy when compared to non-diabetic controls [9] . Sub-analysis by diabetic retinopathy status in this study revealed serum ADMA levels to be associated with common genetic variation in DDAH genes, primarily in our cohort of individuals with type 2 diabetes without diabetic retinopathy. However, for the mostly significantly associated SNPs, the serum ADMA levels trend in the same direction, and a true association may exist in the smaller retinopathy cohort which is less powered to detect the effect. The participants with no diabetic retinopathy had significantly lower ADMA levels compared to those with diabetic retinopathy [10] . Although the lack of highly significant association in the retinopathy group is likely attributable to power, it is possible that other influences play a greater role in determining serum ADMA levels once microvascular damage has occurred. Impairment of ADMA metabolism may occur due to oxidative stress and inflammation involved in endothelial dysfunction and microvascular damage. However, some studies have found elevated retinal NO in proliferative diabetic retinopathy [35] , therefore ADMA elevation may actually be a compensatory mechanism to decrease pathologically elevated NO. It remains unclear whether ADMA elevation in diabetic retinopathy is a causal association or occurs as a result of endothelial dysfunction, and these potential mechanisms are not mutually exclusive. Diabetic retinopathy is a debilitating complication of diabetes mellitus with a multifactorial pathogenesis and limited treatment options. Further prospective and functional studies investigating the pathophysiological significance of elevated serum ADMA in the development of diabetic retinopathy and other diabetes complications are required. Ultimately, if causal relationships are established, this could lead to design of future therapeutic or preventative strategies to correct NO levels in the ocular environment, thereby retarding or preventing the development of diabetic retinopathy.
Many of the most significantly associated DDAH1 SNPs in this study are located in intron 1 of the gene. The significantly associated DDAH2 SNP (rs3131383), although within the block of linkage disequilibrium that contains DDAH2, is actually within the chloride intracellular channel 1 (CLIC1) gene and 6255 bp from the DDAH2 transcription start site. CLIC1 encodes chloride ion channels that regulate fundamental cellular processes including transepithelial transport, maintenance of intracellular pH, and regulation of cell volume and cell cycle [36, 37, 38] . No associations have been reported between CLIC1 and serum DDAH or ADMA. The associated SNPs in both genes could either tag functional SNPs that affect expression level (eg promoter or other regulatory variants), or coding variants that affect DDAH protein activity. Very few if any common coding variants have been reported in these genes and therefore deep resequencing may be required to determine if they do exist.
In conclusion, genetic variation in DDAH1 and DDAH2 genes was found to be strongly and significantly associated with serum ADMA levels in patients with type 2 diabetes, especially in those without retinopathy. Further studies are required to assess DDAH sequence variation and its influence on DDAH activity and serum ADMA levels both in individuals with and without diabetes to increase understanding of this complex pathway in normal and pathogenic conditions.
Methods

Ethics Statement
Ethics approval was obtained from the Human Research Ethics Committees of Flinders Medical Centre, Royal Adelaide Hospital and Queen Elizabeth Hospital in Adelaide, Australia, and written informed consent was obtained from all participants.
Subject Recruitment
Subjects were recruited from ophthalmology and endocrinology outpatient clinics of three tertiary hospitals in metropolitan Adelaide, South Australia, initially to study the genetics of blinding diabetic retinopathy. Participants were over 18 years of age and were required to have type 2 diabetes of at least 5 years duration and be on oral hypoglycemic or insulin therapy.
A detailed questionnaire containing information regarding sex, age, ethnicity, age at diagnosis of diabetes, family diabetic history, co-existing risk factors, systemic complications of diabetes, ocular complications as a result of diabetic retinopathy, past ocular history, smoking history and alcohol intake was conducted in person for each participant. Renal function tests [serum creatinine, urine albumin and albumin:creatinine ratio and glomerular filtration rate (GFR)], serum cholesterol and HbA1c levels were obtained from a state-wide database. Three recent HbA1c levels were averaged for each participant. For those cases diagnosed with blinding DR, HbA1c levels at the time of the ocular complication were used, and for controls with DM, HbA1c levels immediately prior to recruitment were averaged.
Peripheral whole blood was obtained from each participant and DNA extracted using the QiaAmp Blood Maxi Kit (Qiagen, Valencia, CA, USA). Blood pressure and body mass index (BMI) were measured in each participant. Patients were classified as hypertensive if they were on treatment for hypertension, or they had a blood pressure reading greater than or equal to 140/ 90 mmHg at the time of recruitment. Hypercholesterolemia was defined as total cholesterol of greater than 5.5 mmol/L, or current use of lipid lowering medication. Retinopathy status for the worst eye was clinically graded by an ophthalmologist according to the Early Treatment Diabetic Retinopathy Study criteria [39] . Participants were only included if they had either no retinopathy, or blinding retinopathy defined as severe non-proliferative diabetic retinopathy, proliferative diabetic retinopathy, or clinically significant macular edema. Nephropathy was defined as the presence of microalbuminuria (30-300 mg/day) or macroalbuminuria (.300 mg/day).
DDAH SNP Selection and Genotyping
Using the tagger program implemented in Haploview 4.0 [40] , tag single nucleotide polymorphisms (SNPs) across DDAH1 and DDAH2 genes, including the promoter region, were selected on the basis of linkage disequilibrium patterns observed in the Caucasian (CEU) samples genotyped as part of the International HapMap Project [41] . Only SNPs with minor allele frequency greater than 5% in HapMap were considered. Twenty six DDAH1 and 10 DDAH2 tag SNPs (Table 2 ) which captured all alleles with an r 2 of at least 0.8 (mean r 2 = 0.95), were genotyped in all individuals on the Sequenom iPLEX GOLD chemistry on an Autoflex Mass Spectrometer at the Australian Genome Research Facility, Brisbane, Australia.
Measurement of Serum Concentrations of ADMA, SDMA and Arginine
Serum ADMA concentrations were determined in all participants [10] by liquid chromatography-tandem mass spectrometry of the butyl esters on an Applied Biosystems 3200 Q-Trap instrument (Applied Biosystems, Scoresby, Victoria), as described by Schwedhelm et al [42] . HDeuterated internal standards (98 atom% 2 H isotopic purity) were purchased from Cambridge Isotope Laboratories (Andover, MA) and were L- 
Statistical Analyses
Pearson correlation was undertaken for associations of clinical covariates with ADMA levels in SPSS (v15.0 SPSS Inc, Chicago, IL). Differences in clinical covariates between patients with and without diabetic retinopathy were calculated by Student's t-test or the chi-square test. ADMA levels were log transformed to approximate a normal distribution. Genotypic associations for all SNPs were assessed in PLINK (v1.06) [43] . Dominant, additive, recessive and genotypic models were considered with respect to the minor allele. Haplotypic analyses were performed in accordance with the observed linkage disequilibrium (LD) patterns in the Caucasian sample in HapMap. Multiple testing of individual SNPs was adjusted for using the Single Nucleotide Polymorphism Spectral Decomposition (SNPSpD) method of Nyholt [44] modified by Li and Ji [45] and Bonferroni correction was applied to haplotype analyses. 
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